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HEAT TRANSFER FROM FINNED METAL CYLINDERS IN AN AIR STREAM

By ARNOLD E. BIDRMANN and BENJAAWNPIIkEL

SUMMARY

Thi9 TepOT’t pM?71t8 the T& Of t88t8 & by the

Nahnd Advisory Committeefor Aeronau.iics to supply
de8ign informuibn for the corwtructionof &$7w for
tlwcooling of h.eutedcylhdricid 8w.rface8 by an air 8tream.

Heat-tramfer coej$ci.eniswere obtained over a range of
air 8peedcfrom S0 to 160 mi.k8per howrfrom teN.8in a
wind tunnel of a 8eri.tx of electrkdy healedfinned 8teel
q@uier8, which covereda range of jin pitch.txfrom 0.10
to 0.(30inch, averqle$n thidine.88@from0.04 to 0.2’7inch,
andfin wid.tlwfrom 0.$7 to 1.47 incha. Tesi%were aho
conducted on a smooth 8teel cylinder withmdfina.

The quantity of heat dissipated, caku-?utedfroma theo-
retical eguatwn using the s-wface heai-transfercoejFOi.eti
fow~from the experk%3ni8,UXMcompareduiih the experi-
mentally determind qumtity of heat diwipaied. The
agreementwmfownd auwntly good to jwdify the me of
the tboreticu.1formula for cakwlding tlw guaniity of heai
dltwipatedfrom thejinned metal c@ui.era.

A methodis presentedfor determiningfin dim.enmkw
for a maximum heai transfer with the expwuhkwe of a
gwen amouni of m.aiei-ialfor a tity of conditions of air
flow and nutah.

INTRODUCTION

The cooling of hot bodies by means of metal fius
exposed ta an air stream can be treated as two related
problems, one involving the convection of heat from
the fin surfaces by the air stream and the other involv-
ing the conduction of heat through the iins to the fin
surfaces. The rate at which heat is conveyed from a
surface by an air stream is usually expressedas a surface
hem%vmsfer coefficient (g). Theoretical methods have
been developed for calculating the surface heat-transfer
coefficients for simple surfaces over which the air flow
is known (reference 1). For complex bedim, such as
tinned cylinders, the velocity field over the surface of
the tins is extremely complicated, especially in the
region at the rear half of the cylinder where the flow
is vertical. I?or such bodies experimental methods
must be used at present for determining the surface
heat-transfer coefficient. .

The second problem—the conduction of the heat
through the fins-is simpler and the associated d.Mer-

ential equation permits of solution in terms of functions
of the tin dimensions and the surface heat+tmmsfer
coefficient. Solutions have been given by Harper and
Brown (reference 2) and Schmidt (reference 3) for
various typw of iins

The present paper reports part of a general rwearch
on the cooling of finned cylinders. It covers an investi-
gation conducted during 1932 and 1933 by the National
Advisory Committee for Aeronautics to supply infor-
mation for the design of fins for air-cooled engine
cylinders operating in a free air stream. In this respect
it was considered desirable to:

1. Compare the relative advantages of dHerent flu
shapes. ,

2. Obtain experimental values of the surface heat-
transfer coefficient for a variety of conditions of tin
~hape, width, thiclmes-s,and spacing for a wide range
bf air speeds.

3. Derive a method of calculating the quanti~ of
beat dissipated from tied cylinders.

4. Develop a method for determiningg the fins having
a maximum heat transfer for any given expenditure of
material

APPARATUS

A group of 18 steel cylinders having inside diameters
of 4.5 inches and wall thicknesses of 0.08 inch were
selected for testing. Each cylinder was machined from
a forging of S.A.E. 1050 steel, heat+treated to give a
Brinell hardness of approximately 200. This construc-
tion is commonly used for aircraftiengine cylinder
barrels. The natural, semipolished surface was main-
tained during the tests.

For convenience in refeming to the tied cylinders
a descriptive nomenclature based on the fin pitch,
width, and thickness has been devised. For example,
the desiiation “0.25-0.67-0.04” indicates a finned
cylinder having a fln pitch of 0.25 inch, a fin w-idth of
0.67 inch, and an average iin thiclmes-sof 0.04 inch.
Sketches showing cross sections of the b constructions
of the vaxious cylinders me presented in figure 1. All
the iinshaving a thiclmcss of 0.04 inch were rectangular
in cross section; the other ti were tapered. The
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rndius of all the fin tips was O.O2inch. The various
cylinders tested are grouped in the following table:

IT
m*h&ed&s Tvitbmc&ngulol

a 1s-0,97-0,076Q,1O-Q374.O4
.!ZO-LZZ-.1O .15-.37-.04
.2&-L2Z-.O$5 .l&-.07-.ot
.25-LZZ-.IXI .16- .97-. Ot
.25-LZ&.116 .25-.37-.04
.W-L* .13 .25-.07-.W
.40-1.32-,18 .s. 97-.0!
.HI-1.47-.23 .25-1.22-.04
.GO-L47-.27 Smoothoglindw

# I

The cylinders were electrically heated and tested
with guard rings as in previous tests (reference 4).
The guard rings served to eliminate heat flow through
the ends and also to obtain two-dimensional air flow
over the cylinders. Mgurea 2 and 3 show the construc-
tion of the heating elements of a teat cylinder and the
guard rings and figure 4 shows guard rings assembled
with ~ test cylinder.

The herd input to the test cylinder and to each of the
guard rings was regulated by means of seprmateoil-
submerged wire rheostats of the continuously variable
type, A wiring diagram for the heating units, rheo-
stats, and instruments is shown in figure 5.

Surface temperatures were mensured by means of M
iron-constantan thermocouples, used in conjunction
with a direct+readingpyrometer and a selector switch.
The thermocouple junctions were constmcted by spot-
welding 0.013-inch iron and constantan wires to the
cyIinder surface.

Of the 24 thermocouples used, 9 were located on the
outer cylinder wall between h at intervsls of 22j4°
mound one-half of the cylinder from front to rear, and
9 were similaxly located on the fin tips. Additional
thermocouples were placed at intermediate positiona
acroes the fin width at the front, side, and rem of the
cylinder. Temperatures on the smooth cyhnder tested
parallel to the air stream were measured by 10 thermo-
couples placed along a spiral path on the outer surface
extending from the front to the rear.

. .

—– —
-.

(
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Diflmmtial thermocouples were provided for deter-

1

The 30-inch closed-throat wind tunnel used in them
mining when the guard-ring temperatures were equal tests is shown in figure 6. (See reference 4.)

The tunnel air speed was measured by menns of a
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pitct-static tube in conjunction with a w~ter manome-
ter. The pitot-static tube was located at one side of
the test unit and sticiently far ahead so that the
presence of the cylinder had no measurable effect upon
the reading.

PRECISION

Improvements in the guard-ring system over that
used in previous tests have lowered the axial heat flow
from approximately 6 percent to 1 or 2 percent, The
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to that of the test cylinder. The junctioti of time temperature distribution along the cylinder surface
thermocouples were located at adjacent positions on pdel to the axis w-as,in all specimens, considerably
the guard rings and the test cylinder. more uniform than in previous tests.
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At the beginning of this investigation a series of
teatswas conducted to determine the eilect on thermo-
couple readings of wire diameters from 0.013 to 0.052
inch, of leading the wires directly away born the sur-
face, of placing the wire next to the surface for a dis-
tance away from the junction, and of embedding the
wires in a narrow groove in the surface. Tests were
conducted on enameled wire both bare and silk-
coveredj and on enameled wire sheumk~ ~ tie
cylinder surface. The results indicate no appreciable
d.ifferencain any of the methods for leding the wires
away from the surface, provided that the wire is of
less than 0.025-inch diameter. The precision of the
temperature measurements is believed to be within
* 2° l?.

The ammeter and voltmeter used in measuring the
electrical input each had a precision of 0.5 percent of
full-scale deflection. The maximum error at a mini-
mum input was approximately 3 percent.

The air-speed measurements are believed to be ac-
curate within 1 percent for speeds above 40 miles per
hour, and within 3 percent below this speed.

METHODS
7 TEWS

Tests were conducted at approximately constant
heat input for each finned cylinder and at air speeds
ranging from 30 to 150 miles per hour. The smooth
cylinder was tested up to 21S miles per hour with its
axis parallel to the air stream. The heat input for the
18 cylinders ranged from 23.4 to 101.3 B.t.u. per
square inch of outer cylinder-wall area per hour.

CALCULATIONS

Air speed.-Since the heat transfer is a function of
the product of the velocity and dermi~ of the air, all
air-speed r6adings were corrected to a common densi~
which corresponds to a barometric pressure of 29.92
inches of Hg and an air temperature of 80° l?.

Surfaae heat-transfer ooefEcients.—The average sur-
face heaMransfer coefficient q was obtained by
di~d.ing the total heat input per hour by the product
of the total cooling surface area and the average tem-
perature of the entire cooling surface. The term
“ timperatie~’ as used here and throughout this report
will refer to the temperature d.iilerence between the
heated surface and the cooling air.

An approximate q for individual stations around
each cylinder wits obtained by dividing the tdal heat
input per square inch of tital cooling surface area by
the average surface temperature at each station.

RESULTS AND DISCUSSION

SHAPEOFFINS

An extensive study of fin shapea has been made by
Schmidt (reference 3) with the object of determining
the profile of the lightest iin that will dissipate a

required amount of heat for a given root temperature.
Such fins are shown to be characterized by zero tip
thiclmess and by having a linear temperature varia-
tion from the root imthe tip, the tip temperature being
that of the free sir stre&m. The required h shape
is a function of the surface heat-transfer coefficient
and, for complex bodies such as finned cylinders over
the surfaces of which the coefficient vark considerably,
its exact determination is diflicult. For the simple
case of a constant surface heatAransfer coefficient over
the entire fin the optimum prcdile was found to be
composed of two congruent parabolas having theh
vertexes tangent to the median line at the fin tip.
However, for the same cooling requirements the
triangular iin was found to be only 4.5 percent heavier.
Since the tip must have a definite thickness, which for
the thin f.ns used in modern air-cooled engines maybe
almost as great as the fin root thiclmeiw, the impor-
tance of determiningg the exact proiile is lessened.
From these considerations the tapered fin appears as
the practical fin proiile which best combines effective
cooling with ease of manufacture.

For any given condition a temperature survey along
the width of the iin will show how the shape of a fin
may be improved. Figure 7 shows a temperature sur-
vey taken along the h width at the tint, side, and
rear of three d&mmt cylinders and shows the effect
of thickening the h root on the temperature
distribution.

SUEFACEHEAT-TRANSFERCOETFICIKNTS

The problem of the transfer of heat from surfaces is
closely related to skin friction and bound~-layer
theory. The same mechanism that transmits mo-
mentum through a boundary layer also transmitsheat.
The heat transfer is greatest h-em those surfaceshaving
a thin turbulent boundary layer of high average
velocity.

For the case of potential flow about a cylinder the
average velocity is highest at the cylinder surface and
decreases b the velocity of the free air strea m the
distance from the surface is increased. Actually,
owing to viscous effects, a boundary layer is built up
on the surface of the cylinder causing the flow to break
away horn the cylinder at about 100° hwm the tint
to form a vertical wake at the rear of the cylinder.
The flow is further modified by the presence of &
over the surfaces of which individual boundary layers
are built up.

Effect of lin width on q.—Although the flow is ccm-
siderably diilerent from potential flow, the average
velocity over narrow fins may still be expected to be
greater than over wide fins, resulting in a I@gher sur-
face heabtmmsfer coefficient for the former case. The
effect of iin width on q is shown in @ure 8 as deter-
mined from tests on tied cylinders having pitches of
0.15 inch and 0.25 inch Increase in fln width up to
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about 0.40 inch re6ults in an appreciable reduction in
the value of q; whereas for a further increase in width
the variation in the value of g is much smrdler, As
most fins of practical interest have a width grenter
than 0.40 inch it maybe assumed for purposes of cal-
culation that q is independent of fin width.

Meet of fin spaoe on q,—For closely spaced ha the
mutual interference of the boundary layem of adjscent
fins restricts the air flow and results in a small surfoce
heatAmmsfer coefficient. As the fin spacing is in-
creased the interference decreases and g increases, until
a po”mt is reached where the flows over adjscent fins
no longer interfere and g approaches a limiting value,

Curves representing an average of all the surface
heat-transfer coefficients determined in the teats fire
shown in figure 9 plotted r+pinst the average air space,
s, between adjscent fins. These curves represent teds
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on rectangular and tapered fins of various thicknesses,

tidths, and taper angles. The average deviation of

the test points from the curves is less than 8 percimt,

showing that the most important iin dimension gov-

erning the value of q is s and that the effect of varia-

tions in the other dimensions is small. For the range

of spacings tested the value of g varies With the 0.322

pOWIX Of 8.

Effect of fln thickness on q,—For a given value of

s, variation in & thicknem does not have an apprecia-

ble effect on the air flow. Sufficient data Were not

collected to determine the independent effect of fin

thicknw. As previously mentioned, the thickness

was found to be of minor importance in determining

the value of q. For instance, Lhe0.26-1.22-0.09 and
the 0.3–1.32+. 13 cylinders have approximately tho
same iin space, the iirst having a thickness of 0.09 inch
and a width of 1.22 inches and the second a thickness



HR4T TRANSF31R FROM ~ MIWJUJ c!YLn?DERs mJm AmsTRE’4M 259

of 0.13 inch and a width of 1.32 inches. In spite of
these differences, the value of q at 76 miles per hour
for the first-mentioned finned cylinder is 0.091 and for
the second is 0.087.

Variation of q with velocity,-The surface heat-
trrmsfercoefficients from figure 9 were plotted against
velocity on logarithmic coordinates for a space of 0.175
inch (fig. 10). The slope of the curve shows that the
value of q varies with the 0.796 power of the velocity.
This exponent holds fairly well for the range of h
spacings tested. I?or very close spacing a transition
point is indicated at low velocities. From theoretical
considerations the value of g for flat platea and tubes
has been shown to vary with the 0.5 power of velocity
for the case of laminar flow in the boundruy layer and

A vbrage fin sp~e. s, inch

Flawm9.—VarlntlonoteveweIIWMItie a~ 5 mcE[IX~ ~~d~ ~~.

tith the 0.8 power of velocity for the case of turbulent

flow.

The effect of velocity on q for a smooth cylinder

tested With the axis both parallel and perpendicular to

the air flow is also she- in figure 10. Each curve

shorn a trrmsition point ~hich, for the case of the axis

perpendicular to the flow, occurs at a Reynolds ~umber

of 109,000. l?age (reference 5) shorn from tests on

the drag of circular cylinders having their axes perpen-

dicular to the air stream that a critical Reynolds

Number exists betmen 100,000 and 500,000, the higher

the initial turbulence of the air stream the” lower the

critical Reynolds Number.

Values of q at various points around the uylinder.—

Values of g have been presented thus far in terms of the

average for the entire cylinder. As the air flow varies

)ver diflerent portions of the fins, the value of g neces-
wrily changes from point to point. Values of g at
ndividuaJ poi.qts around the cylinder are shown in
igure 1 together with a sectional view of each tied
>ylindertested. These values are not the true q’s for
;he individual positions around the cylinder, as in their
determination no account was taken of the circum-
?erentisJheat flow through the fins and cylinder wall.
Ko~ever, for approximate calculation this uncorrected

value is probably of more use than the true value, since

Fora given cylinder it allom the calculation of the heat

Dissipated from the given point on the cylinder directly

born the heafitmmsfer equations Without necessitating

L determination of the circumferential flow through

the metal. When this coefficient is applied to iins of
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another cylinder at a similar point on the circumfer-

ence, it vi-ill be in error by the difference in the circum-

ferential heat flow for the two cylindem. The error

involved, however, is sticiently small to perrnk the

use of the coefficient for estimating the heat dissipated

from various positions on the cylinder.

Correction for cylinder diameter.-The values of g

presented apply only to a cylinder diameter of 4.66
inches and an sir density corresponding to sea-level

condkons (29.92 inches of Hg and 80° F.). The value
of q can be determined for other cylinder diametem and
air densities by use of the theory of similitude.

An analysis of the theoretical equations and experi-
mental data (references 1 and 6) on heat transfer show
that the important factora atlecting the value of q are
the conductivity, density, viscosity, and speciiic heat
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of the cooling air, and the various dimensions deter-
mining the geometry of the body and its position rela-
tive to the air strewn. By dimensional analysis q is
set up as a function of these quantities for a finned
cylinder having its &s perpendicular to the air stream,
and for which two-dimensional flow is assumed,

(1)

using the conventional symbols defied at the end of
the report.

Let D. be the diameter of the ii.nned cylinder z for
which the value of q is required, and let t., w=, and s=
be the dimensions of the fins and V= the air speed.
IA Dr be the diameter of the tested cylinders T (4.66
inches).

Define
D

J=$T (2)

Then by dividing all the dimensions of the tied
cylinder x by J and multiplying the velocity by J,

++; #j; w=
WT=—; 8T=J % “-m’ ‘3)

a finned cylinder T is regarded as set up in an air
stream of velocitcv VT havhw the s~e v~ue of the

pti
Reynolds Number y

~d-ka, t,w 8
as the tied~cp D D’D

cylinder z.
lkt q~ be the surface heat-transfer coefficient cor-

responding to the velocity VT and the finned cylinder
dimensions wT, sT, tT, ~d DT. + iwwtion of
equation (1) shows that g. is related h @ by the
exprtion

Dnta are presented in thk report for determining ~T

fOr a V~t3@ Of VdU05 Of tTJ wT, ST, ~d VT. (See @.

11.) As it has already been shown that qT is a function

mainly of the velocity and iin space, it is only necessary

to find VT and STand to determine qTfrom figure 9.
Correction for altitgde.-It was shown in figure 10

that q varies mith the 0.796 power of the velocity.

The general dimensional equation (1) can be reduced

to give this relationship between the values of g and V;
it takes the form of

k.tw
where ff is a gemd function of —~ —J—~and ~~GDD

The quantities ~, ~, and k= depend on the tempera-
ture of the air, however, for the range of temperatures

ka
encountered in an ordinary altitude change %, —J and

/%
KoW are practically constant, causing a reduction in
q of only 3.5 percent for a variation of altitude from
sea level to 25,000 feet.

Neglecting the effect of variation of p, ~, and ka it

isevident from the above equation that q is Qfunction
of the mass flow pV, and that the value of g at any
altitude for a given finned cylinder is equal to the sea
level q for the veloci~ giving the same maas flow.

This velocity is given by

P(anitutiV(*Uz,,,~= o0734)v(alt{&&). (6)

where 0.0734 is the weight density of air in pounds per
cubic feet at 29.92 inches of Hg and 80° F., for which
conditions the data have been corrected.

Materials of construction of fins,-The value of
q is a function of the air flow around the cylinder and
depends upon the constants of the h only insofar as
they influence the air flow, It is evident, therefore,
that the values of g presented in this report hold also
for fins constructed from materials other than steel,

DEVIZOPMENT OFHEAT-FLOWEQUATfON

By equating the heat conveyed from the surface of a

fin by the air strewn to the heat transmitted to the

surface by conduction through the fin, a ditlerential

equation may be obtained, the solution of which leads

to an expression for calculating the heat dissipated

from finned cylinders as a function of the surface heab

transfer coefficient, the iin dimensions, and the average

temperature of the cylinder wall.

Hmper and Brown (reference 2) show how the solu-

tion for the simple case of the straight rectanguk fin

can be corrected to apply for circular tapered fins by

determining g expressions for the correction for taper

and for curvature. The expressions for these correc-

tions are complicated and d.iflicult to manipulate. In

this section the general equation for the heat trans-

mission through a circular tapered finis given and, with

the introduction of a number of assumptions, this

equation is reduced to a simple equation similar to that

for the straight rectangukw fin. The solution of the

simple equation is found to be adequate for the purpose

of thk report and, as will be shown later, checks experi-

mental rwulti closely.

The general equation for the flow of heat from a

tapered iin (see lig. 12) derived by equating the heat

entering the elemant of volume by conduction radially

and circumferentially to the heat carried away from

the exposed surfaces of the volume by convection, is

in which t is the vmiable thickness of fin, and g is
the surface heai%nmsfer coefficient at any point. In
equation (7) the assumption is made that the tempera-
ture does not vary through the thiclam.s of the fin.
Harper and Brown have shown that the error intro-
duced by this assumption is negligible for a thin straight
rectangular fi.

The values of Q t, and R in equation (7) vary from
point to point on the iin and an exact solution of the
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equation would lead to an expression too cumbersome
for practical use. Considerable simplification can be
effected by replacing R, t, and q by their average
values. In general, the taper of the fins is so slight

that cos a can be taken as equal to 1. It will be shown

later that the errors introduced by making these

approximations are small.

Introducing these simplifications in equation (7) and

integrating with respect to q from O to r there results

Since the temperature distribution around the fh is
symmetrical With respect to the diameter parallel to
the air stream,

Air weed, m.p.h.

(II) Oyllnder 0.X-l.Z2-@JM.

FIGURE 11.–Varintl0n of awrwe 9 WMIok SW@ fmd mm-n of ~~t~
nnd oxpaimental vahm of U.-Centfnn@.

Let o be the nverrige temperature of the fin at any
mdius. Then by definition

r

J8=:O’dp
o

and equation (8) becomes

No
afl

= a%

where
‘q

“=z

(9)

(lo)

and t and q henceforth designate the average fm thick-
ness and average surface hea&trsmfer c.oefficient, re-
spectively. Equation (9) is similar to that for the
strriightrectanguk fin and its solution is well known.

The heat tilpated from the fin tip can be ac-
counted for as suggested by Harper and Brown by
arbitrarily increasing the value of the width of the fin
(w) by one-half the tip thickmws (t,).

Define
1

w’~w+~tl (11)

The solution of equation (9) is

(12)

subject to the conditions that

~=0 when B= Rb+w’0= Obwhen R =Rb and bR

where 8b is the average root temperature and Bb is the

radius to the root.

The heat dissipated from the surfrme of a fin is, in

general
Rb+ti r

H= 2SS ‘q
tl%~dp

Cos a
Itb o

Introducing the same simplifications as made in the
derivation of equation (9) and replacing o by the ex-

FIQUEBM.—D@mm of b

pression given in equation (12) the following expression

results:

H=’+b++),b,mhaw,
a

The amount of heat ~’ given off by that part of the
cylinder wall exposed between two adjacent h can
be found approximately by assuming the wall surface
heahtransfer coefficient to be the same as that of the
fils.

where % is the length of cylinder wall exposed between
two adjacent fins.

The heat dissipated per square inch of cylinder-wall
area per degree of cylinder-wall temperature is there-
fore

u“
H,+ HS

-LI<1+&)tiad+8’l ’13)%rRb(8+t)ob ‘+t a

It is now possible by means of equation (13) and the
values of g given in the preceding section to calculate
the heat dissipated horn iinned cylinders. Figure 11
shows the experimental values of U compared vrith the
values calculated by means of equation (13) for various

MI1-%18
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rIirspeeds and for the various cylindem tested. It will
be noted that the agreement is very good for tapered
fins as well as for rectangular fins.

oP’rrMIJMma

By means of equation (13) expressions can be ob-
tained for determining the dimensions of the fms con-
sistent with manufacturing practice that wdl dmaipate
the largest amount of heat for a given weight of ma-
terial. It is evident that these same expressions also
give the dimensions of the minimum-weight iins for a
given heat dissipation.

For the purpose at hand, equation (13) can be sim-
plified without introducing appreciable error by seb
iting.% eqwd to 8 and w’ equal to w. The Wdue of q
can be replaced by a function ofs

q=L8”

where n-0.322 and L is a constant for a given velocity
and densi~. (See fig. 9.) The volume of fin per unit
of cylinder-wall area is given by

‘%(”%)
U in equation (13) may now be written
involving onlys, t, and M as variables.

(14)

as a function

tmh Rb
(J

~+z~(g+~)–l
W ]

2=+ ~
Rbt -F” (15)

Obtaining the partial derivatives of U in equation
(15) with respect to s and t respectively and setting
each equal to zero the following relations result:

‘+(’+&)(’-~(’+’))k*aw_awaech2aw=
‘+(l+ia(s+n@+’o7

“S(-h%t%‘“)
()8– l+Rg t

w%=

tanhaw-awsech2aw=

()

1+% t
a.s — (17)

l+% s+(l+.#) (Zs+t)

From a simultaneous solution of equations (14), (15),
(16), and (17) the values ofs, t, w, and U can be deter-
mined for a given value of M. The h having these

dimensions will be the iins of maximum heat output for
the volume of material M and will also be tho mini-
mum-weight fins that will tilpate the quantity of
heat U. These calculations lead to fins which are
much too thin and too closely spaced to be considered
practical.

The problem is then to detemnine the dimensions of
the optimum fins subject to the conditions that the
h thiclmess and space be not less than the values
set as manufacturing limits. For a specified fin thick-
ness f and a given value of M the required values of’,
w, and Z7can be obtained from a solution of equations
(16), (15), and (14). These quantities were calculated
for a range of vahma of lb? and specitied & thickness
t and are shown plotted in figure 13. The criterion

()
of the weight economy ~ was plotted in this figure

instead of M. If s is speci.iied instead of t,then for
a given value of M the values of t,w, and U can bo
obtained from a solution of equations (17), (15), and
(14). These quantities were calculated for a range of
values of ill and specitied space, s, and are shown
plotted in figge 14.

A simpler procedure for obtaining figure 13 is to
substitute various pairs of values of 8 and t in equntion
(16), and for each pair of values solve for w by trial
with the aid of figure 15. The corresponding values
of M and U can then be determined from equations
(14) and (15) respectively. A similar method can b~

applied for detmninin g figure 14. The values of g
used were obtained from figure 9 for an air speed of
76 miks pm hour. The thermal conductivity used
was that of steel (2.17 B.t.u./°F./ihr/)r.). The charts
can be developed for other conditions by substituting
the proper values of q and Kin the above equations,
The valuea of g can be determined for other air speeds
and diameters by the methods presented in a previous
section. The charts for any altitude will be the same
as the sea-level chart for the velocity giving the same
mass flow.

In practice, limits will be set for both the minimum
allowable fin spacing and thickness. For these speci-
fications in determiningg fins of minimum weight n
result can be obtained horn either figure 13 or 14 for
a required value of U. Not more than one of these
resdts will give dimensions snfliciently largo to
satisfy completely the specifications and be a solution
of the problem.

b cases when neither chart gives a solution and only
in such cases, the ha of minimum weight can be found
by substituting the values of U and of the specified
minimum thickness and spacing in equation (13) and
solving for w.

An examination of fi.wes 13 and 14 shows that the
lower. the specified minimum thickness and spacing
the lighter are the fins that can be used to dissipate n
given amount of heat. The curves also indicate thn t
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for a specified h spacing the heat output can be in-

creased by increasing the thickness and width, and that

this gain is made at a sacri6ce of might economy,

whereas for a speciiied thickness the heat output can

be incremed by decreasing the spacing and slightly

increasing the width. I?or the latter case there is little

loss in weight economy. Similar charts that have been

plotted for other air speeds, cylinder diameters, and

metals indicate the same trends.

The results of recently completed tests, now being

prepared for publication, show that the equations

presented here can also be applied to shrouded cylinders

and to blower-cooled cylinders when the values of q

for these cases are available.

APPLICATION OF RESULTS

Exampk are here presented to illustrate the use of

the equations and charts de+eloped in this report.

COMMJT17EEFOR AERONAUTICS

Similar examples can be solved for cylinders pro-
vided with deflectors and for forced cooling when the
values of g for these cases are available.

DET13RMINA~ON OF HEAT TRANSFERFROM GIVEN FIN
DWGNS

Erample 1: R is required to determiue the heat
dissipated from a 4.66-inch-diameter cylinder having
an average cylinder-wall temperature of 320° 17.j
when subjected to an air-stremn velocity of 110 miles
per hour at a sea-level pressure of 29.92 inches of Hg
and an air temperature of 80° l’. The cylinder is
provided with tapered steel fins having the following
dimensions: .

Inch
Tip thickness (to ------------------------- O. 020
~tthic~e~ (tb)------------------------- .043
Pitoh b)--------------------------------- . 1S0
Width (w)-------------------------------- .700

.2 r

16

0 .4 .8 12
I

[6 20 24 28
z

32 .36 40 u

FI13UEE16.-Valu@ of tanh Z and Z WY Z.

Two types of problems are solved for various condi-
tions of ti speed, cylinder diameter, metal conduc-
tivity, and altitude. The one type of example in-
volves the determination of the heat transfer from
given fin designs and the other involves the deter-
mination of the best fin design to meet given spec.iiica-
tions.

The solution of several of the examples depends upon
the use of the charts in figures 13 and 14 which were
developed for a cylinder diameter of 4.66 inches, an
air speed of 76 miles per hour, and a metal haviug a
conductivity of 2.17 B.t.u./’’F./in. /hr. The solution of
other emuuples of this type involving conditions other
than these requires the construction of similar charts
for the conditions desired. Additional charts covering
a mide range of cylinder diameters and air speeds are
being prepared at this laboratory.

Average tin thickness (t)= 0.020~ ‘.uo = 0.03 inch.

w’=w+&=o.70+ ~ =0.710 inch (equation (11))

Space between ii.ns at root (s~)=p – tb= 0.14 inch.
For an air speed of 110 rnilea per hour rmd a fin

space of 0.150 inch the value of the heat-transfer co-
efficient as rend from figure 9 is 0.114 B.t.n./sq.in./’’l?./
hr.

(equation (10))
a=dz”m3”187

““%[*6+%)
tanh 1.87 X 0.710+ 0.140I

= 0.633[1.23 tanh 1.33+ 0.140]
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From figure 16, tmh 1.33 is 0.868.
U= 0.765 B.t.u. per square inch of cylinder-wall

mea per hour per ‘1?. temperature difference
between the cylinder wall and cooling air.

The heat dissipated per square inch of cylinder-vudl
men is

Q= 0.765 (3~0– 80 = 1~ B.t.u” Per hOUT
Example 2: Let it be required to solve example 1

with rduminum-alloy fins replacing the steel iins and
with all other conditions of the problem left unchanged.

Since q is independent of the conductive@ of the
metal, as previously pointed out, the only change
introduced is the change in the value of the conduc-
tivity k in the equation for a.

For aluminum Y alloy, which is commonly used for
cylinder bends, k= 7.66 B.t.u.~F./ii./hr.

d2X0.114 -0997
a= 7.66X0.03 “

(equation (10))

u=”*[&(l+~)tdo.997xo.7,0+o.,40]

=0.981

The heat dissipated per square inch of cylinder-wall
area is

Q= 0.981 (320– 80) =235 B.t.u. per hour

Ezwmple$: Let it be required to solve example 1 for
the case in which the cylinder is to be cooled at an air
speed of 110 miles per hour at an altitude of 23,000
feet, all other conditions being left unchanged.

It was previously shown that the velocity at sea
level giving the same mass flow as 110 miles per hour at
23,000 feet will give the same g for a given finned
cylinder.

From tho Standard Atmosphere Tables (reference 7)
the weight density of air at 23,000 feet is 0.0368 pound
per cubic foot and the temperature is – 23° F.

The values of q plotted in iiggre 9 were corrected
to a weight density of 0.0734 pound per cubic foot cor-
responding to 80° l?. and 29.92 inches of Hg. “

The required g can be found from figure 9 correspond-
ing to a sea-level velocity of

~ 0.0368
=~4xllo=55.1

miles per hour (equation (6)) and an average space
between iins of 0.15 inch. The value is q-0.0665.

The computations proceed along the lines of
example 1

-==143
--[i%3(1+wad1043

1XO.71O+O.14O =0.507

The heat dissipated per square inch of cylinder-wnll
area i9

Q= 0.607 (320+23)=174 B.t.u. per hour

Euzmple ~: It is required to determine the heat dis-
sipated from a 6-inch-diameter cylinder subject to the
same conditions as the cylinder in example 1.

It was previously shown that in order to determine g
Eromthe data of the tested cylinder, for cylinders of
diameter other than the one tested, it is necessary to
apply the following method:

~D6
‘~ ‘4.66= 1.”287

(equation (2))

VJ= 110x 1.287=142 m.p.h. (equation (3))

8 0.150
–=—=0.117 inch.
J 1.287

From iigme 9, the value of qr ccmmponding to a
velocity of 142 miles per hour mid a space between fins
of 0.117 inch is 0.130. The required value of q is

=—=0.101 (equation (4))*=@ 0.130
J 1.287

The problem proceeds along the lines of example 1

d2X O.1O1 -176
a= 2.17X0.03 “

~“-{IH1+%)td176

1XO.71O+O.14O -0.681

The heat dissipated per square inch of cylinder-wall
area is

~= 0.681X (320– 80)= 164 B.t.u. per hour

Example 6: To estimate the heat dissipated from
the rear of a 6-inch-diamet%raluminum cylinder having
rectangular ti, when subjected to a velocity of the
free air stream of 85 miles per hour:

Average fin tticbm. -----------. ----bch-- O.07
Width----__ -----_ .------_ -------_ -do---- .70
Average fin Wace-_------------. -----do---- 13
Temperature at rear of cylinder Wall ----” F-. ;00
fitipemtw----------------------” F-- SO

J= $6= 1.287 (equation (2))

JV= 85 x 1.2S7= 109 m.p.h. (equation (3))

~-==o.lol
J 1.287

The 0.20-1.22-0.10 cylinde~ (see . 1) has an
average space of 0.10 inch, which is s% ciently close
to the required value of 0.101. At the rear of the cylind-
er and at a velocity of 109 miles per hour the value of
cf~‘iS 0.096.
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The desired value of q is

===0.0746
q 1.287

(equation (4))

For aluminum, k= 9.75

d+dT
a-

t=
2x 0“0746=0.468
9.75X0.07

P= O.13+0.07=0.20

d= 0.70+0.035=0.735 inch (equation (11))

Z7=0-{&(l+~)tanh0.468x
>

J0.735+0.13 = 0.641

The heat dissipated from the rear of the cylinder
per square inch of cylindar-wall areais

Q= 0.641 (500– 80)=269 B.t.u. pm hour

DETERMINATION OF DIMENSIONS OF ~S OF MINIMUM
WEIGHT

Exumpf.e 6: It is desired to design steel fins of
minimum weight to dissipate 154 B.t.u. per square
inch per hour from a 4.66-inch-diametar cylinder sub-
jected ti an air-strwn velocity of 76 miles per hour.
The additional conditions are:
Average wall ti~tu.---------------. -------IF-- 32o
Air tiPmtiJ-.------------------.-------__-OF-_ 50
Average _uweOM~fitMcb@-. _-------hch-_ 0.02
Average minimum specified q~-_-------------do---- .06

?+=32::50 -0.570

For the specified conditions s= 0.06 and U= 0.57
it is found from figure 14 that t isless than 0.02 inch
and therefore the result is not a solution.

Reference is now made to figure 13 which, for the
spec~ed t= 0.02 and G =0.57, gives s= O.113. This
value ofs is greater than the minimum apecitied s and
is a solution. The remaining dimension is w= 0.50.

The desired fin construction has the dimensions

t=o.02, 8=0.113, W=0.50

With a tip radius of 0.005 inch and an average thick-
ness of 0.02 inch, the base thicknem must be 0.03 inch.

llxumple 7: As previously explained, there are some
cases for which neither figure 13 nor figure 14 gives a
solution. This example illustrates such a case.

It is destied to design steel fins of minimum weight
to dissipate 200 B.t.u. per square inch per hour from a
4.66-inch-diameter cylinder i-n an air stream of 76
miles per hour.
Average wall ti~t~-----._-------. -_-------°F-_ 310

Air tempemtum-------------_ -------------_ ---_ °F-- 90

Average minimum specified fin 8pW__---------_inah-_ O. 08
Average minimum specikci h thickuem---------do---_ .02

u= 200
310–90-0.91

l’or C= 0.91 and a speciiied thiclmess of 0.02 inch
figure 13 gives s= O.051. This value is less than the
minimum speciiied iin space and is not n solution.

For U-0.91 and a specilied iln space of 0.08 inch
figure 14 gives t-0.018 inch and again no solution is
reached.

For this case, as previously stated, recoume must be
made to equation (15).

‘“*%l+%)’mhaw””l
The value of q for a cylinder diameter of 4.66 inches,
a velocity of 76 miles per hour and a fin space of 0.08
inch is (fig. 9) q= 0.0695.

Substituting U= 0.91, 8= 0.08, t= 0.02

q= 0.0695 and a- 1.79 in equntion (15)

0.0695

14+:i-)twh17’w’+00810.91 ‘0.08+ 0.021.79

{

w’
0.998 ‘4.66–1

tanh 1.79 W’=1.loo

The above equation can be solved by trial for w’ and
gives a value of w’= 0.91. The values for the hyper-
bolic tangent may be obtained from figure 15.

The required fin dimensions are,

urO.91-~=0.90in;h

8 = 0.08 inch

t=0.02 inch

Example 8: It is &sired to design steel fins of mini-
mum weight to dissipate 200 B.t.u. per square inch
per hour from a 4.66-inch-diameter cylinder in m air
stream of 152 miles per hour at an altitude of 23,000
feet.

Average minimum speoified fin I%icknees-------- inoh-. 0.02

Average minimum specfiedfi space-----------do---- 00
Average wdh~rah----------------------” F-- ;00
Air temperature at 23,000 feet------------------” F-- -23

200
‘=300+23=0.619

Weight density of air at 23,000 feet is 0.0368 pound
per cubic foot.

The velocity at a sea-level weight density of 0.0734
that will give the same mass flow and Reynolds Num-
ber and therefore the same q as 152 miles per hour at
23,000 feet altitude, is

V=152X:;;;:—-76 miles per hour (equation (6))
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The charts are correct for a weight density of 0.0734
pound per cubic foot and a speed of 76 miles per hour.
men the equivalent velocity is different horn 76 miles
per hour other charts are required.

For Z7= 0.619 and a specified thiclmess of 0.02-inch,
figure 13 gives 8= 0.097. This value is greater than
the minimum speciiied space of 0.06 and is a solution.
The remaining fln dimension is w = 0.51.

The required fin construction is
t= 0.02 inch
S = 0.097 inch

w= O.51inch

Example 9: It is desired to design fins conforming to
the conditions given in example 6 except that instead
of the average cylinder-wall temperature, a maximum
cylinder temperature of 600° F. is specified.

From measurements of the temperatures around the
cylinder for air speedshorn 30 to 150mih per hour and
for fin pitches varying from 0.10 to 0.30, the ratio of
the matium to the average cylinder-wall tempera-
ture difference was found to be. given approximately
by 1.35.

The average cylinder-wall temperature ~erence is
then

Ob-
500–80

1.35 =311° 1?.

It is now possible to proceed with the solution of the
problem in a manner identical to that used in solving
example 6.

CONCLUSIONS

Several conclusions may be enumerated:
1. The value of the surface heat-trmsfer coefficient

varies mainly with the air velocity and the space
between ilns. The eilect of the other tin dimensions
is small.

2. The ratio of the maximum to the average cylinder-
wall temperature diilerence for cylinders having tin
pitchca from 0.10 to 0.30 inch was found to be approxi-
mately 1.35.

3. The theoretical formula used in this report for
calculating the heat dissipated horn finned cylinders
checks fairly closely the heat dissipation determined
experimentally.

4. For the range of iins investigated the smaller the
allowable thiclmcs-sand space between ihs, the more
efficiently can the fins be designed from a weight
consideration.

LANGLEY MEMORIAL AERONAUTICAL LADORATORY,

NATIONAL ADVISORY COMmTTDE FOR JbEONAUmCS,

LANGLEY FIELD, VA., ApriL 26, 1934.

SYMBOLS

Q, Ovedl heat transfer, B.t.u. per square inch of
cylinder-wall area per hour.

u,

%

e,

0’,

Ob,

k,

kU2

CP2

PJ

P1

‘v,

D,
Rb,

R=,

R,

a,

9)

t,
tt,
tb,
s,

8b,

P>
w,

Wr)

M,

Over-all heatAn-msfercoefficient, B.t.u. per square
inch base area per hour, per ‘F. tempera-
ture difference between the cylinder wall and
cooling air.

Surface heat-tranafer coefficient, B.t.u. per square
inch total surface area per hour,’ per ‘1?. temper-
ature &lYerence between the surface and the
cooling air.

Average temperature d.Merence betw%en the
cooling surface at any radius and the cooling
air, ‘F.

Temperature difference between any point on the
cooling surface and the cooling air, ‘F.

Average temperature difbence between the root
of the fin and the cooling air, “F.

Thermal conductivity of metal, B.t.u. per square
inch per ‘F. through 1 inch per hour.

Thermal conductivity of air, B.t.u. per foot per
“F. per second.

Specific heat of air at constant pressure, B.t.u.
per pound per ‘F.

Viscosity of air (lb. sec.-’ ft.-l).
Weight density of air, pound per cubic foot.
Velocity of free air stream.
Outer cylinder-wall diameter, inches.
Radius from center of cylinder to fin root, inches

(Rb=.D/2).
Average radius iiom center of cylinder to tied

SUI’fSfX, inches.
Radius from center of cylinder to any point on the

fill.
Angle between one surface of the fin and the

median plane, degrees.
Angular position around the cylinder from front,

degrem.
Average iin thiclamss, inches.
Fin-tip thickness, inches.
Fin-root thiclmess, inches
Average distance through air space between

adjscent fi surfacea, inches.
Distance between adjacent tin surfaces at the b

root, inches.
Fin pitch, inches (p =s+ t).
Fin width, inches.

Effective fin width (w’ = w+ ~tJ.

Volume of tins per square inch of cylinder-wall
sea.
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